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Edited by Amy McGoughAbstract In colorectal cancer tight junction molecular and mor-
phological alterations are poorly understood. In this study, ade-
nocarcinoma tissues and their paired normal mucosa (n = 12)
were analyzed for tight junction alterations molecular. The
expression of claudin-1, -3 and -4 was upregulated 5.7-, 1.5-
and 2.4-fold, respectively, in colorectal tumor tissues in compar-
ison to the normal ones. Although tight junction remains in the
cancerous epithelium, its barrier function was altered. Despite
claudins overexpression, paracellular permeability to ruthenium
red was increased and a signiﬁcant disorganization of tight junc-
tion strands was observed in freeze fracture replicas. Whereas
the functional signiﬁcance of claudin overexpression in colorectal
cancer is unclear, these proteins can become potential markers
and targets in colorectal cancer.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Colorectal cancer; Tight junction; Claudin;
Cell–cell adhesion1. Introduction
The junctional complex is composed of two main structures:
tight and adherens junctions. The former is responsible for the
barrier function of the epithelia and keeping cell polarity. So,
tight junction controls two major features of epithelial tissues,
playing a crucial role in tissue diﬀerentiation and homeostasis.
Claudins are tight junctions main transmembrane proteins [1].
Adherens junction is responsible for calcium mediated homo-
philic adhesion between adjacent cells and has cadherins as
its major protein molecules [2].
Up to now, 24 diﬀerent claudins have been identiﬁed in
human cells. Epithelial cells present multiple claudins proteins,
but some family members exhibit tissue-speciﬁc expression
patterns [3]. Claudins proteins seem to be important for tight
junction formation and play a important role in ionic paracel-
lular permeability control [5]. Indeed, expression of claudin
genes is enough to induce tight junction ﬁbrils formation in
ﬁbroblasts cells [4].*Corresponding author. Present address: Rua Andre´ Cavalcanti, 37,
Bairro de Fa´tima, CEP: 20231-050 Rio de Janeiro, Brazil. Fax: +55 21
3233 1470.
E-mail address: jmorgado@inca.gov.br (J.A. Morgado-Dı´az).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.09.091The cellular organization observed in normal diﬀerentiated
tissues is often lost in cancer, where tumor cells frequently
exhibit decreased diﬀerentiation and cell polarity [6,7]. These
features are important for an invasive phenotype develop-
ment, and consequently for metastasis [8]. Colorectal cancer
is one of the major causes of cancer deaths in the Western
world [9,10]. About 80% of colorectal carcinomas are histo-
logically characterized by adequate gland formation (epithe-
lial polarity) and varying degrees of diﬀerentiation, from
well to moderately diﬀerentiated [11]. Expression of some
claudin family members is highly elevated in human cancers
such as: ovarian, breast and prostate [12–14]. In colorectal
cancer, claudin-1 was shown upregulated by immunohisto-
chemistry analysis [15]. Given the importance of tight junc-
tion in epithelial homeostasis we decided to investigate its
molecular, morphological and functional alterations in hu-
man colorectal cancer in comparison to the paired normal
mucosa. We showed that claudin-1, -3 and -4 protein levels
were highly elevated in this cancer type. Claudins upregula-
tion was associated with a signiﬁcant disorganization of the
tight junction strands as observed in freeze fracture replicas
and increased paracellular permeability by ruthenium red
technique. Whereas the functional signiﬁcance of claudin
overexpression in colorectal cancer is unclear, these proteins
can become potential markers and therapeutic targets in this
cancer type.2. Material and methods
2.1. Materials
Anti-E-cadherin (DECMA-1) and b-catenin antibodies were pur-
chased from Sigma Chemical Co. (St. Louis, MO), and claudin-1
(JAY.8), -3 (Z23.JM) and -4 (3E2C1) from Zymed Laboratories, Inc.
(South San Francisco, CA). All secondary antibodies used were ob-
tained from Zymed Laboratories, Inc. (South San Francisco, CA).
2.2. Tissue samples
Human colorectal specimens of well or moderately diﬀerentiated
adenocarcinomas were obtained from surgical resection of 12 Brazil-
ian patients (7 males and 5 females/60 ± 7.8 years). In all cases,
control specimens were collected from the accompanying normal
mucosa, distant 5–10 cm from the carcinoma. The cancer tissue
and the normal epithelial layer were carefully isolated from the
resected colon with scissors and forceps. Samples for electron
microscopy were immediately ﬁxed and those used for western blot-
ting were freezed at 80 C. This study was carried out with
approval of the National Cancer Institute of Rio de Janeiros Ethic
Committee.blished by Elsevier B.V. All rights reserved.
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Total lysates were obtained homogenizing tissue samples in a Pot-
ter type homogenizer with RIPA buﬀer (1% NP-40, 0.5% deoxycho-
late, 0.2% SDS, 150 mM sodium chloride, 50 mM Tris–HCl, pH 7.4,
containing 20 mM sodium ﬂuoride, and 1 mM sodium orthovana-
date, 10 lg/ml leupeptin, 10 lg/ml pepstatin, 25 lg/ml aprotinin).
Subcellular fractionation was done by diﬀerential Triton X-100
extraction of proteins from tissue samples. Brieﬂy, samples were
homogenized in lyses buﬀer A (1% Triton X-100, 50 mM Tris–
HCl, pH 7.5, 1 mM EGTA, 5 mM EDTA, 140 mM NaCl, 10%
glycerol, 25 mM NaF, 1 mM MgCl2, 10 lg/mL pepstatin, 10 lg/m
leupeptin, 10 lg/mL aprotinin, and 1 mM sodium orthovanadate)
for 15 min at 4 C. After centrifugation (10000 · g for 5 min at
4 C) the supernatant was separated as the Triton-soluble cytosolic
fraction. The residual pellet was ressuspended in lyses buﬀer B
(1% SDS, 50 mM Tris–HCl, pH 7.5, 1 mM EGTA, 5 mM EDTA,
10 lg/mL pepstatin, 10 lg/m leupeptin, 10 lg/mL aprotinin, and
1 mM sodium orthovanadate) and then centrifuged under the same
conditions. The supernatant represented the Triton-insoluble or
cytoskeletal-associated fraction [16].2.4. Electrophoresis and Western blotting
Equal amounts of protein samples were electrophoretically sepa-
rated by SDS–PAGE in 7.5% and 12% gels and transferred to nitrocel-
lulose sheets. They were blocked in TBS-T (20 mM Tris–HCl, pH 7.6,
137 mM NaCl, and 0.1% Tween) containing 5% non-fat dry milk and
then incubated for 2 h at room temperature with the primary antibod-
ies diluted in the same buﬀer (E-cadherin 1:1000; a- and b-catenin
1:4000; claudin-1, -3 and -4 1:250 dilutions). Membranes were washed
with TBS-T and incubated with horseradish peroxidase-conjugated
secondary antibodies (1:10,000 dilutions) for enhanced chemiluminis-
cence detection using an ECL detection kit (Amersham Biosciences,
Bukingham, UK).2.5. Transmission electron microcopy
After surgical resection, tissue samples of 1 mm3 were immediately
ﬁxed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buﬀer (pH
7.4) for 4 h, washed in 0.1 M cacodylate buﬀer, and then postﬁxed with
1% osmium tetroxide in the same buﬀer containing 0.8% potassium
ferrocyanide and 5 mM CaCl2 for 90 min at 4 C. The samples were
dehydrated in a graded series of acetone and embedded in Epon (Poly-Fig. 1. Increased expression of tight junction proteins claudins-1, -3 and -4
claudin-1, -3 and -4 proteins in paired normal mucosa (N) and adenocarcinom
(M or F) of the patient, location of each carcinoma (A, ascending colon; T, tr
stage of the carcinoma according to TNM clinical classiﬁcation (I, II, III or I
No. 4 (56, M, R, III). (B) Levels of protein claudins expression in the carcinom
the score was calculated using the following equation: Arbitrary score=(am
protein in the normal mucosa). The score for normal mucosa is normalized as
*Signiﬁcantly diﬀerent (P < 0.05).Science, Inc. Warrington, USA). Ultrathin sections (60 nm) were
stained with uranyl acetate and lead citrate and examined with a Zeiss
CEM-900 transmission electron microscope.
2.6. Freeze-fracture and morphometric analysis
Tissue samples were ﬁxed with 2.5% glutaradehyde in phosphate
buﬀer saline and inﬁltrated with 30% glycerol at 4 C overnight. Freeze
fracturing of frozen samples was performed at 115 C in a Balzers
freeze-fracture unit. Replicas were obtained by evaporation of plati-
num at 45 and carbon at 90. They were cleaned with sodium hypo-
chloride, washed in distilled water, harvested in copper grids and
examined with a Zeiss CEM-900 transmission electron microscope.
Morphometric analysis was carried out on images of replicas visualized
by electron microscopy at a magniﬁcation of 60000. On each micro-
graph the junctional area depth was measured and then a square of
2 lm2 were placed randomly on the junctional area where the follow-
ing parameters were quantiﬁed: branching points (units/lm2), ﬁbrils
length (lm/lm2) and free ends (units/lm2).
2.7. Paracellular permeability assay
The electron-dense dye ruthenium red (0.6%) in 2.5% glutaraldehyde
was applied to the top surface of normal and tumor tissues for 40 min.
Then the tissues were washed and ﬁxed in 2% osmium tetroxide and
ruthenium red for 1 h. Dehydration and inclusion were done as de-
scribed for transmission electron microscopy. Thin section were
stained with lead citrate for 3 min and examined with a Zeiss CEM-
900 transmission electron microscope.
2.8. Statistics
Morphometric and densitometric data are presented as the
means ± S.D. Comparison between the normal and tumor samples
was done using Students t-test. Statistically signiﬁcant diﬀerences were
assumed at P < 0.05.3. Results
3.1. Claudins upregulation in human colorectal cancer
To determine the molecular status of the tight junction in
colorectal cancer, the expression of claudins-1, -3 and -4 wasin human colorectal carcinomas. (A) Western blotting for detecting
a (T). Typical blots from four patients are shown. Age (years) and sex
ansverse colon; D, descending colon; S, sigmoid colon; R, rectum), and
V) are: No. 1 (71, M, R, II), No. 2 (67, F, A, II), No. 3 (44, M, S, III),
a (T) are compared with those of the normal mucosa (N). In each case,
ount of the claudin protein in the carcinoma)/(amount of the claudin
1 in each case. Averaged scores S.D. of carcinomas (n = 12) are shown.
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tein was observed in 12 of 12 adenocarcinomas (100%) com-
pared with the normal mucosa. Densitometry analysis
showed an average score of its expression in the cancer tissues
of 5.7-fold in relation to the normal tissues. Claudin-3 and
claudin-4 were also increased in cancer tissues with an average
score of 1.5- and 2.4-fold, respectively, in relation to the nor-
mal tissues, (n = 12; Fig. 1).
3.2. Claudins subcellular location
To observe if claudins had changed their subcellular
distribution pattern, soluble and insoluble fraction in Triton
X-100 from samples of tissues were performed. As previously
reported, soluble fraction corresponds to cytosolic proteins
and insoluble fraction to membrane/cytoskeleton bound
proteins [17]. Claudin-1 was increased in both soluble and
insoluble fractions with an average score of 2.5-fold and 4.5-
fold, respectively (Fig. 2B). Claudins-3 and -4 were also
increased in the insoluble fraction, the ﬁrst in an average score
of 1.5 and the last 2.5, however in a less extent than claudin-1
(Fig. 2B). Claudins increase was especially seen in Triton insol-
uble fractions, suggesting that its presence is elevated in the
membrane/cytoskeleton-associated fraction of the tumor tis-
sues (Fig. 2A).
3.3. E-cadherins complex proteins expression in human
colorectal cancer
Considering the intriguing results in relation to claudins
expression, we decided also to verify the expression of proteins
of the E-cadherin complex. As previously reported [25], here
we found E-cadherin expression decreased in samples of hu-
man cancer tissues, as compared with the normal mucosa.
The average score of its expression in the cancer tissues was
0.6-fold that of the normal tissues (n = 12; Fig. 3A). On the
other hand, b-catenin presented no signiﬁcant alteration be-
tween tumor and its paired normal tissue (Fig. 3B). E-cadherin
subcellular location changed in the tumor samples presenting aFig. 2. Claudins proteins in Triton X-100 soluble and insoluble fractions. (A)
mucosa (N) and adenocarcinoma (T) extracted as soluble (S) and insoluble (I)
protein expression of the claudins in the carcinoma (T) are compared with tho
(N). In each case, the score was calculated as in Fig. 1B. Averaged scores Sclear decrease in Triton X-100 insoluble fraction (Fig. 3C).
b-Catenin showed no signiﬁcant alterations in its subcellular
localization (Fig. 3D).
3.4. Electron microscopy of human colorectal tissue
By routine transmission electron microscopy, normal epi-
thelia tissue presented a well-deﬁned junctional complex
and abundant microvilli (Fig. 4A). On the other hand, tu-
mor epithelia presented scarce and deformed microvilli, but
tight junction-like adhesion structures were found in all sam-
ples analyzed (at least 100 junctional complex areas), despite
the existence of large intercellular spaces at the adherens
junctions area (Fig. 4B). In order to observe tight junction
in more detail, freeze fracture replicas of normal (Fig. 5A
and B) and tumor tissues (Fig. 5C and D) were analyzed.
By freeze fracture, tight junctions appear as a complex net-
work of anastomosing and branching strands, which lie in
the plane of cell membrane. Morphometric analysis (Table
1) showed that tumor tissue had a statistically signiﬁcant de-
crease in branching points number occurring in concomi-
tance with an increase in the number of free ends.
Furthermore, the ﬁbrils length presented no signiﬁcant alter-
ation, but the tight junction area length was greater in tu-
mor than in normal tissue. This diﬀerence is mainly
because the ﬁrst had ﬁbrils expanded to the basolateral area
whereas the last had its ﬁbrils limited to the juxtaluminal
area. The ﬁbrils network disarrangement suggests a leakier
barrier in the cancerous epithelia.
3.5. Epithelial paracellular permeability to ruthenium red
The electron-dense dye ruthenium red was used to access
the barrier status of epithelia. In the normal tissue the tight
junction blocked the passage of the marker through the para-
cellular space (Fig. 6A). Conﬁrming the results obtained by
the freeze fracture, the tumor tissues were more leaky, pre-
senting increased paracellular permeability to ruthenium red
(Fig. 6B).Western blotting for detecting the claudin-1, -3 and -4 in paired normal
fractions in Triton X-100. A representative blot is shown. (B) Levels of
se of triton soluble (S) and insoluble (I) fractions of the normal mucosa
.D. of carcinomas are shown. *Signiﬁcantly diﬀerent (P < 0.05).
Fig. 3. Decreased expression of adherens junction protein E-cadherin. (A) and (B) Western blotting for detecting the E-cadherin and b-catenin
proteins in paired normal mucosa (N) and adenocarcinoma (T). Typical blots from four patients are shown. The number written above each panel
corresponds to the number in Fig. 1A. Levels of protein expression of the E-cadherin and b-catenin in the carcinoma (T) are compared with those of
the normal mucosa (N). In each case, the score was calculated as in Fig. 1B. Averaged scores S.D. of carcinomas (n = 12) are shown. (C) and (D)
Western blotting for detecting the E-cadherin and b-catenin proteins in normal mucosa (N) and adenocarcinoma (T) extracted as soluble (S) and
insoluble (I) fractions in Triton X-100. A representative blot is shown. Levels of protein expression of the cadherins complex proteins in the
carcinoma (T) are compared with those of Triton soluble (S) and insoluble (I) fractions of the normal mucosa (N). In each case, the score was
calculated as in Fig. 1B. Averaged scores S.D. of carcinomas are shown. *Signiﬁcantly diﬀerent (P < 0.05).
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Loss of function of tight junction has been observed in
colorectal cancer [7] and others [20,21]. These changes areFig. 4. Tight junction remains in the malignant disease. Routine electron mic
(B). Adjacent cells of the epithelial surface and the junctional complex areabelieved to increase access to nutrients and signaling pep-
tides [22], increase cell proliferation [23] and increase motil-
ity and metastasis [8]. In general, an overall downregulation
of cell–cell adhesion molecules occurs during carcinomaroscopy of human colorectal normal mucosa (A) and adenocarcinomas
are shown. Tight junction is indicated by arrow. Bars: 0.8 lm.
Fig. 5. Freeze fracture replicas of human colorectal normal mucosa (A,B) and adenocarcinomas (C,D) show the tight junction as an anastomosing
ﬁbrils network. Arrowheads indicate expansions through basolateral side of tight junctions ﬁbrils. Bars: 0.3 lm.
Table 1
Morphometric analysis of freeze fracture replicas
Normal Tumor
Fibrils length (lm/lm2) 6 (±2) 6 (±2.37)
Branching points (lm2) 19 (±3.1) 8 (±1.8)*
Free ends (lm2) 1 (±0.6) 3 (±0.8)*
TJ length (lm) 3 (±0.9) 6 (±0.8)*
*Signiﬁcantly diﬀerent.
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-3 and -4 are upregulated in human colorectal adenocarcino-
mas in comparison to the paired normal mucosa, especially
claudin-1, which presented a 5.7-fold increase. As shown inFig. 6. Evaluation of tight junction permeability using the electron-dense dye
junction (A) whereas cancerous epithelia let the dye pass through the paraceprevious studies [24,25], E-cadherin expression was decreased
in tumor samples, markedly in the Triton insoluble fraction,
where the functional molecules are present. It is important
to point out that claudins were present in two distinct pools:
the cytosolic (TX-100 soluble) and the membrane/cytoskele-
ton-associated (TX-100 insoluble) fraction. And their
amounts increased in both fractions. Claudins expression in-
creased specially in Triton X-100 insoluble fractions, indicat-
ing that a great amount of claudins is still membrane/
cytoskeleton-associated.
It is well known that the principal functions of tight junc-
tions are paracellular permeability regulation and cell domains
maintenance. The ﬁrst is important for cells to access signalingruthenium red. Normal epithelium blocks the dye passage across tight
llular space (B). Bars: 0.6 lm.
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polarity [26,27]. Both processes are modiﬁed in carcinogenesis.
In this context, claudins have been reported to be responsible
for transepithelial resistance regulation, forming channels to
control the paracellular passage of ions, which is speciﬁc for
each type of claudin [5]. Moreover, it was reported that
increased claudin-1, -3 and -4 expression is associated with
an increase of the transepithelial resistance in epithelial cells
[28–30]. In this work, we show an upregulation of claudin-1,
-3 and -4 expression in human colorectal cancer. These results
were accompanied by a signiﬁcant disorganization of tight
junction ﬁbrils, as analyzed by freeze fracture, that suggests
a more permeable barrier. The increased paracellular perme-
ability was conﬁrmed by the ruthenium red assay. Although
these results may appear controversial, McCarthy et al. [31]
reported that claudin-1 overexpression in epithelial cells cause
an increase in transepithelial resistance, concomitant with an
unexpected increase in paracellular permeability to non-ionic
solutes. In this work, despite claudins overexpression paracel-
lular ﬂux is increased in human colorectal cancer, unless to the
electron-dense dye ruthenium red. This feature would enable
cells to get more nutrients and signaling peptides, EGF for
example, creating an important source of cell proliferation
stimulus [32]. Upregulation of some claudin family members
has also been reported in other human cancers [12–14]. It is
possible that claudin upregulation could come from two
signaling pathways: EGFR and Wnt, both are able to increase
claudins expression and are permanently activated in many
cancer types, including colorectal cancer [15,30].
It is known that Clostridium perfringens enterotoxin elicits
rapid and speciﬁc cytolysis of pancreatic, prostate and breast
carcinoma cells, which is mediated through tight junction pro-
teins claudin-3 and -4 [14,33,34]. Considering that claudins-3
and -4 are speciﬁc receptors for this enterotoxin [33,35], they
may also appear as potential targets in human colorectal can-
cer cells. Furthermore, the fact that claudins are upregulated
while E-cadherin is downregulated, suggest that in colorectal
carcinogensis, distinct signaling pathways regulate tight and
adherens junctions or each one possesses a diﬀerent response
by the same stimulus. Previous in vitro studies from our group
and others using colon adenocarcinoma cell lines showing that
these two structures are independently regulated [36–38],
support this hypothesis.
In summary, the expression of claudin-1, -3 and -4 is upregu-
lated in cancer colorectal tissues in comparison to normal ones,
which is associatedwith a signiﬁcant disorganization of the tight
junction strands and increased paracellular permeability.
Although the role of claudins overexpression in the colorectal
cancer remains to be elucidated, these proteins appear as poten-
tial markers and therapeutic targets in this cancer type.
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